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Abstract
Contour hedgerow intercropping systems have been proposed to reduce run-off and control soil erosion on steep 
agricultural land. However, competition for water and nutrients between crops and associated hedgerows may reduce
the overall performance of these systems. ERT measurements conducted in Thailand showed that the soils of our 
experimental plots were very heterogeneous both along the slope as with depth. This observation highlighted some
constraints of the ERT method for soil moisture monitoring in the field. Nevertheless, the data indeed revealed
contrasting water depletion patterns under monocropping and intercropping systems, which could also be related to
plant parameters.
© 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of the Scientific Committee of the conference.
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1. Introduction
The combination of steep slopes, highly erosive rainfall and shallow soils in many areas of the humid
tropics makes on-site soil erosion and off-site sedimentation major concerns [1]. Contour hedgerow 
intercropping systems have been promoted in such areas, since they are highly effective in reducing
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erosion [2-4]. This agroforestry system involves planting hedgerows of perennial shrubs along the 
contour lines of a slope [4, 5]. Crops are produced in the alleys between the hedgerows. The shrubs are to 
be pruned regularly to prevent shading and if leguminous shrubs are used, the foliage can provide high-
protein forage or nutrient-rich mulch. Next to the main advantage of reducing runoff and erosion, 
leguminous hedgerows also have a favorable effect on the soil fertility [6-9]. In addition to that, 
intercropping is a risk reduction strategy for farmers because of product diversification and less chance of 
yield loss by pests and diseases [1]. Some authors even mention the potential complementarity of the root 
systems of the different crops, resulting in a more efficient water and nutrient use [10].  Nevertheless, 
many authors also report negative effects of the hedgerow on the main crop [11-16]. These negative 
effects are mostly attributed to competition for nutrients and/or water and very often only based on 
comparison of growth and yield performance between monocropped and intercropped plots or fields. To 
get a more detailed understanding of the competition for water, 2- or 3-D monitoring of the water fluxes 
in the soil-plant-atmosphere system is necessary. Given the potentially high spatial variability of soil 
moisture in contour hedgerow intercropping systems on steep slopes, a measurement technique with a 
high spatial resolution, such as electrical resistivity tomography must be used. 
The objective of this research was to quantify patterns and strategies of water uptake in space and time 
of various crops in a contour hedgerow intercropping system with electrical resistivity tomography 
(ERT).  
2. Material and methods 
2.1. Field site 
The field site for this study was located in the Queen Sirikit Research Station, Ratchaburi Province, 
located in temperature and relative humidity zone 2 (16-38°C, 41-100% RH) according to Khedari, 
Sangprajak [17]. The soil of the field site is heterogeneous and ranges between an endoleptic Alisol 
(hyperdistric, endoskelletic) and hyperskelletic Leptosol (eutric, siltinovic) [18]. Four experimental plots 
of 4 m by 13 m (slope 18-20%) were used for this study (see also Fig. 1):  
Ba: Field plot with bare soil. 
T1: Field plot with only Maize (Zea mays L. cv. Pacific 999) (=monocropping) with application of 
conventional tillage techniques and fertilizer use. 
T4: Field plot with Maize rows intercropped with high value chilies (Capsicum annuum L. cv. Super 
Hot), application of minimum tillage and use of fertilizer. Jackbean (Canavalia ensiformis (L.) 
DC) is sown during the dry season as relay and catch crop substituting maize after harvest. In the 
plot, an additional perennial hedge of Leucaena leucocephala (Lam.) de Wit is planted between 
the rows. 
T6: As T4 but without fertilizer application. 
2.2. Experimental design methodology 
The general approach followed in this research project to identify the optimal electrical resistivity 
tomography (ERT) survey design to study water fluxes in two different agricultural systems, is given in 
the following. First, a hydrological model was created approaching the soil, relief and climate conditions 
at a field site near Suan Phung, Ratchaburi Province, Thailand. Two cases were simulated: a field plot 
with only maize and one with contour hedgerow intercropping with Leucaena leucocephala L. The model 
was run for 130 d starting from maize sowing. Secondly, a pedo-physical relationship was used to convert 
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the water content distribution of a few characteristic timeframes to a resistivity distribution. We used four 
pedo-physical relationships to assess the effect of using a deviating relationship on the assessment of the 
optimal survey design. Third, virtual ERT measurements were conducted by forward modeling using 
different measurement configurations and the simulated 2-D distribution of resistivities. We added noise 
to the simulated measurements equal to 1% of the resistivity value to approach real measurements, which 
are always prone to background and measurement noise. After that, the data were inverted using a 
regularization strength such that data were fitted within the noise level, and the resolution and sensitivity 
matrix were analyzed. Finally, we compared the original resistivity distributions with the inverted ones to 
obtain the model recovery. Measures for spatial variability as well as the resolution matrix, sensitivity 
matrix (based on the recovered resistivity maps) and model recovery (based on recovered water contents) 
were then used to judge the performance of the measurement arrays. The experimental design study is 
described in detail in Garré et al. (2012) [19]. 
 
 
 
Fig. 1. Overview of the cropping pattern Ba, T1 and T4: electrode locations, TDR probe locations (white = 0-0.25 m, grey = 0.20-
0.45m), crops and planting distances.   
2.3. Data acquisition 
The test site was equipped with a weather station. Soil moisture was continuously logged with TDR 
probes distributed over the plots in all replications at 0-0.25 m and 0.20-0.45m depth. The TDR probes 
were made of two rods (0.25 m long) with an inter-rod distance of 0.025 m. They were controlled by a 
TDR100 unit (Campbell Scientific Lt., UK). Soil moisture was obtained from the apparent dielectric 
[20]. From July 20th to July 29th 2011, we measured the soil temperature 
at 0.20, 0.30, 0.40, 0.50 and 0.60 m depth using ECH2O-TE sensors (Decagon devices, Inc., USA) in 
order to determine the damping depth of the soil, from which its thermal diffusivity was derived. Three 
additional temperature sensors were installed in the topsoil (z = -0.05cm) and collected data during this 
period: under maize, under chili and under Leucaena cover. The thermal diffusivity was then used 
together with superficial soil temperature to derive the soil temperature at all relevant depths and under 
the different crop covers [see 21 for more details].  
The ERT measurements of this study took place during the growing season of the crops. Additionally, 
plant height, plant canopy, with a digital camera, and leaf area index (LAI), with the Sunscan Canopy 
Analyzer (Delta-T Devices, Ltd, UK) and a beam fraction sensor, were regularly measured. At the end of 
the growing season, the root distribution of maize and, if present, Leuceana, in treatments T1, T4 and T6 
were observed in a trench at one side of the field plots touching the first plant in the row. We used the 
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root counting method on a grid with square cells of 0.0025 m2 [22-24]. We also determined carbon 
isotopic ratios in the third youngest leaf from the top of the maize plant at 85 days after planting for 8 out 
of 16 plants of each plant row. For details about this procedure, see [25]
ERT measurements were conducted using a ten-channel Syscal Pro resistivity meter (IRIS instruments,
France). The electrodes were installed permanently in a line along the slope and inserted at three depths: 
36 electrodes at 5 cm depth, nine at 25 cm and nine at 50 cm. The horizontal distance between electrodes
at 5, 25 and 30 cm depth were 33, 132, and 132 cm, respectively. Following the results of the 
experimental design study, we carried out a combination of dipole-dipole and Wenner measurements in
each plot consisting of 1694 unique quadrupoles with a measurement time of approximately 1h per plot
once per day. Temperature probes, TDR probes, and electrodes were inserted at 5, 25, 50 cm depth in a
vertical wall of a calibration trench in an area of bare soil below field plot T4R3. Three soil horizons were
identified in the calibration pit: an Ap (0-25 cm), a Bt (26-80 cm) and Cr (>80 cm). However, it must be
noted that the transition between Ap and Bt was not clear and the depth also varied along the profile pit.
Soil temperature, water content and resistance were logged twice a day. The temperature data were used
to correct the conductivity measurements in the pit. The combination of soil moisture and conductivity 
data was used to adjust pedo-physical relationships for each soil horizon, which was then later applied to
the ERT data.  For more information on the field experiment, see Garré et al. (in press) [21].
3. Results
3.1. Summary of the virtual experiment
The aim of the virtual experiment was to optimize the experimental design of the ERT measurements
or mono- and intercropping systems at the field site in Ban Bo Wi. The following is a very brief 
description of the results of the study published by Garré et al. (2012) [19]. First of all, the different 
electrode arrays produced very similar 1-D soil moisture profiles. Differences arise when analyzing the
spatial patterns. Generally, arrays without deeper electrodes performed worse than those with additional 
electrodes at -0.25 m and -0.50m, but the gain was not always big. This was also clear from 
semiovariograms of soil moisture (see Fig. 2).
Fig. 2. (adapted from Garré et al. 2012) [19] Semivariograms of the virtual and inverted water content at day 60 (a) for the
monocropping (MC); (b) and the intercropping (IC) case. DipDip: dipole-dipole, PolDip: pole-dipole, WenDipDip: combination of 
Wenner and dipole-dipole array. All: including electrodes at -0.25 m and -0.50 m, OS: only surface electrodes.
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Standard deviations of water contents at a particular depth and semivariograms showed that the extent
of the spatial variability is generally underestimated and smoothened by the ERT inversion, but the spatial 
structures remain present in the retrieved WC distributions. As mentioned by amongst others
Vanderborght et al. (2005) [26], the main reason for this underestimation is probably the smoothness-
constrained inversion, causing strong contrasts to fade out after inversion. The array combining Wenner 
and dipole-dipole quadrupoles was best able to retrieve spatial variability. The standard deviations and
consequently the sill of the semivariogram were underestimated more strongly by the Wenner and the
pole-dipole array than by the others. Looking at the resolution radius, the Wenner and pole-dipole array 
showed a stronger increase of resolution radius with depth than the others, explaining the underestimation
of the variability. These results show that it is important to estimate the spatially varying resolution for a 
measurement array. In general, the study showed that ERT should be able to retrieve spatial structure in
soil moisture distributions under field conditions in fields with multiple crops and thus observe the effect
of cropping systems on soil moisture.
3.2. Field experiment
Fig. 3 shows the ERT-derived soil moisture distribution on August 6th, 2011, which is used in this
figure as a reference timeframe, t0. Two distinct zones emerge, which is probably the distinction between 
soil material and bedrock. The water content in this second zone (dark blue hue) should not be
interpreted, since we could not measure a pedo-physical relationship in the bedrock. The volumetric water
content in the soil at t0 ranges between 20 and 30%. Soil moisture changes from the reference timeframe
t0 are also shown in Fig. 3.
Fig. 3. Absolute soil moisture distribution at t0 = August 6th and soil moisture difference between t0 and August 27th for each 
treatment (adapted from Garré et al. 2013, in press).
Between the reference timeframe t0 and August 27th only one small rain event occurred. The soil
moisture difference shows us the effect of this long drying phase on soil moisture changes in the four 
cropping patterns (with red colors showing water depletion relative to t0). Clear differences between the
cropping systems emerge. The bare soil has only minor soil moisture depletion and very surficial,
whereas the soil dries out much deeper in the maize monocropped plot. The intercropping plots have 
more heterogeneous patterns as compared to the monocropped plot.
Fig. 4 shows the average water depletion [z = (0,-0.8) m] under each crop type during the growing
season. Purple hues indicate water depletion, whereas blue hues indicate soil moisture increase. The
monocropped field used more water than the intercropped fields and was more homogeneous along the
slope. In general, maize was the largest water consumer, followed by Leucaena. Water depletion under 
maize rows close to the Leucaena hedge was mostly larger than further away. In addition, dry matter,
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13C in maize grains point out that that the maize plants near to the hedges were 
13C [for data, see 25]. This, in 
combination with root profile observations (not shown), points to the fact that Leucaena roots spread 
laterally and that they probably compete for water and nutrients with maize in the maize root zone. The 
chili used markedly less water than the other crops. There is also a depletion of water in the bedrock 
under the Leucaena and some maize plants. Inspection of the bedrock in the root profile pit revealed that 
some roots populate the small cracks in the weathering bedrock, which could indicate that at least some 
roots allow the plant to extract water from the bedrock. Finally, the unfertilized intercropping plot T6 has 
much less water depletion than the fertilized intercropping plot. 
 
 
Fig. 4. Average water depletion per row as measured with electrical resistivity tomography in 3 field plots (T1, T4 and T6) between 
z = 0 m and z = -0.8 m. Crop type is indicated for each row at the left side of the graph. 
As shown in the virtual experiment, experimental semivariograms of the soil moisture distributions 
demonstrate whether and which systematic spatial structures are present in the water content distribution 
due to the agricultural treatment. Because spatial variation in absolute moisture data is influenced by 
bedrock depth, we focus instead on the soil moisture differences relative to the August 6 base dataset. The 
experimental semivariograms for each treatment (see Fig.10 Garré et al. (2013)) [21] show clear 
differences between the four cropping patterns, which is due to the crop choice and alignment. 
The semivariance of the bare soil plot is markedly lower than the others. The highest semivariance is 
found in the fertilized intercropped plot T4R3. 
In general, we successfully monitored soil moisture distributions and changes in the field under 
different cropping patterns with electrical resistivity tomography (ERT). In addition, the distribution of 
electrical conductivities showed the existence of two main structural entities in the profiles and revealed 
the heterogeneity of the soil depth across the research plots. The soil moisture status of the different 
treatments and the change thereof was measured and whereas the average soil moisture change of the 
treatments was similar, clear differences in depletion patterns were recognized making use of the spatial 
information provide by the ERT.  This knowledge was crucial to understand the validity of the applied 
calibration relationship to convert measured bulk electrical conductivity to soil water content. It became 
clear that at places with shallow soil, we did not have a calibration relationship for the weathered bedrock 
and that in these areas, absolute values had to be used with caution. However, even though quantitative 
information about this area lacked, changes could be registered, which would have been impossible with 
conventional soil moisture sensors. 
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4. Conclusions 
Electrical resistivity tomography allowed us to investigate spatial and temporal patterns of soil 
moisture dynamics resulting from different cropping systems. By comparing the water depletion under 
distinct crop types, we showed that the depth of depletion of the chili culture was much less than that of 
maize and Leucaena. Also local differences in magnitude of depletion were visible, notably a difference 
between fertilized and unfertilized treatments. Measurement of increased depletion under the maize rows 
close to the hedges pointed towards competition for water between the two plants, which was supported 
by the observation of the presences of roots of both plants in this region. Similar conclusions could be 
13. Finally, experimental semivariograms revealed 
patterns in the variability of soil moisture and soil moisture changes. This technique showed that 
variability of the measured soil moisture was largely influenced by the soil heterogeneity. This kind of 
spatial analysis extracts very valuable information from ERT data, which is unavailable when using point 
measurements of soil moisture. Combination with other plant productivity measures reveals information 
about nutrient and water use of the crops.  
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